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Abstract: The immune system in the gastrointestinal
tract plays a crucial role in the control of infection, as it
constitutes the first line of defense against mucosal
pathogens. The attractive features of oral immunization
have led to the exploration of a variety of oral delivery
systems. However, none of these oral delivery systems
have been applied to existing commercial vaccines. To
overcome this, a new generation of oral vaccine delivery
systems that target antigens to gut-associated lymphoid
tissue is required. One promising approach is to exploit
the potential of microfold (M) cells by mimicking the entry
of pathogens into these cells. Targeting specific receptors
on the apical surface of M cells might enhance the entry
of antigens, initiating the immune response and conse-
quently leading to protection against mucosal pathogens.
In this article, we briefly review the challenges associated
with current oral vaccine delivery systems and discuss
strategies that might potentially target mouse and human
intestinal M cells.
Advantages and Challenges Surrounding Mucosal
Vaccines
The mucosal immune system is a critical line of defense against
infectious diseases, as the majority of infections are initiated at
mucosal sites [1–3]. Therefore, the induction of specific immune
responses at mucosal sites may be able to control infections at their
point of entry into the body. Over the past few decades, several
candidate vaccines have been designed and tested by various
mucosal routes in pre-clinical or clinical trials. Although the
mucosal immune system comprises several anatomically remote
and functionally distinct compartments, it is firmly established that
the oral ingestion or intranasal administration of antigens induces
humoral and cellular responses not only at the site of antigen
exposure but also in other mucosal compartments [4,5]. This is
due to the dissemination of antigen-sensitized precursor B and T
lymphocytes from the inductive (e.g., intestinal Peyer’s patches) to
the effector sites such as the above mentioned glands. However,
not all inductive sites display comparable ability to induce equal
responses at all effector sites. Despite several advantages, as
compared to systemic injections, the delivery of vaccines by
mucosal routes, particularly through the genitals or rectum, has
not been shown to be very practical in human trials [6–8]. In
addition, it is hard to administer a mucosal vaccine through the
genital tract, as the immunological features of the female
reproductive tract, in particular, alter dramatically in response to
hormonal fluctuations during the menstrual cycle [9–11]. In
addition, both male and female genital tracts lack inductive
mucosal sites analogous to intestinal Peyer’s patches [12].
Furthermore, rectal vaccinations have been shown to induce only
modest and localized immune responses, and are not very effective
in larger animals and humans [13,14]. The pitfalls in quantifying
effector cells in rectal tissues, combined with the intricacies of the
inoculation route, are some other major challenges associated with
rectal immunization. Therefore, in order to advance a mucosal
vaccine for human use, the routes of administration appear to be
limited to oral and nasal administration.
Nasally delivered vaccines are easy to administer and have been
shown to be more promising for inducing both mucosal as well as
systemic immune responses [15–17]. It should be stressed that the
immune system of the upper respiratory tract (nasal cavity,
oropharynx, trachea, and large bronchi) and lower respiratory
tract (bronchioli and alveoli) display marked differences with
respect to the dominance of Ig isotypes and induction of humoral
immune responses. While the induction of dominant IgA
responses in the upper respiratory tract is of importance in the
protection at this locale, the lower respiratory tract is the domain
of antibodies, of the IgG isotype of circulatory origin. Conse-
quently, systemic immunizations with, for example, pneumococcal
polysaccharide vaccines, induce protective immune responses. A
nasal spray influenza vaccine (FluMist) containing live attenuated
influenza has been approved for human use since 2003 [18,19]. In
an HIV study, macaques that were intranasally vaccinated with
SHIV-capturing nanospheres demonstrated elevated levels of IgA
and IgG antibodies [20]. Additionally, these vaccinated macaques
showed a higher frequency of CD4 +T cells and lower viral loads
compared to control macaques after a SHIV challenge. However,
two human clinical trials involving nasal administration of HIV-1-
derived antigens were recently terminated due to safety concerns.
The potential for side effects such as Bell’s palsy and damage to the
olfactory nerves and the nasal epithelium have been cause for
concern; however, these side effects could have occurred due to
the use of highly reactogenic adjuvants and not because of the
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effects, and the reason that the gastrointestinal (GI) tract is the first
line of defense against mucosal pathogens, has led many scientists
to pursue oral vaccination. The advantages and disadvantages of
each route of mucosal immunization are summarized in Table 1.
In this article, the advantages, challenges, and pitfalls with this
route of vaccination are addressed. We also briefly review current
options for oral delivery systems and approaches that have been
explored to improve the uptake of potential vaccines. Oral
vaccines have the ability to induce both mucosal and systemic
immune responses and are safer, easier to administer, and do not
require sterile needles and syringes [24–27]. Therefore, oral
vaccines could more easily meet the needs of affected people in
developing countries, where access to trained medical professionals
is frequently limited. Although oral vaccines have several attractive
features, the limited numbers of approved oral vaccines attest to
the challenges associated with mucosal vaccine design. Studies
involving oral vaccine use have been limited due to several
challenges, such as difficulties in the collection and processing of
external secretions, a lack of standardized assays, the induction of
tolerance, the stability of antigens in the harsh conditions of the GI
tract, and the antigen–microbial interactions that are continuously
occurring in the large intestine [28,29]. It is for these reasons that
only a limited number of oral vaccines are currently licensed,
compared to many parenteral vaccines.
Oral Vaccine Delivery Systems
Recombinant or attenuated strains of various bacteria such as
Salmonella, Escherichia coli, Listeria, Shigella, and Lactobacilli have been
used as a vectors to deliver antigens into the gut-associated
lymphoid tissue (GALT) [30–35]. While some interesting results
have been reported for these oral delivery systems, immune
responses against the vectors eventually predominated over time
[36,37]. In addition, glycosylated antigens cannot be produced in
bacteria [38]. Furthermore, over 10
14 microorganisms of .20,000
species reside in the large intestine [43]. Such a large competing
population would greatly diminish the chances of colonization and
subsequent induction of a vigorous immune response through such
vector microorganisms. Oral delivery of live attenuated recombi-
nant viruses such as adenoviruses (Ad), poxviruses, influenza,
herpes viruses, and polioviruses encoding specific antigens has
been also tested in several oral vaccine studies. While these viral
vectors showed promising results, pre-existing immunity to these
viruses may prevent their ability to deliver desired antigens.
Oral delivery of DNA vaccines encoding various antigens has
also been evaluated in various animal studies [1,2,39–41]. DNA
vaccines contain unmethylated CpG motifs with binding activity
to TLR9 receptors. This characteristic assists in activating a
variety of cells including dendritic cells (DCs), macrophages,
monocytes, and splenocytes [42]. The TLR9 signaling pathway
leads to IL-1b and INF-c secretion, polarizing the immune
response to a Th1 type. One of the pitfalls associated with DNA
vaccines is the low uptake of DNA from the intestinal tract, which
consequently limits B and T cell immune responses [43].
Over the past few years, specific T and B cell epitopes have been
characterized in tumor and viral antigens. Synthesis of peptide
epitopes for use as a vaccine requires an understanding of T and B
cell immunodominant epitopes in the protein structure, and their
interaction with major histocompatibility complexes (MHCs) or
human leukocyte antigen (HLA) complexes [44–48]. The design
and development of immunodominant multivalent epitopes
representing diverse HLA types is an attractive strategy against
hypervariable viruses such as HIV-1 and hepatitis C virus (HCV).
One of the pitfalls with this approach is that peptide vaccines are
not immunogenic alone, and thus require carriers and potent
adjuvants to enhance their immunogenicity. The use of lipidated
peptide immunogens is one of several strategies currently being
pursued for the improvement of peptide immunogenicity [49–51].
Previous studies have demonstrated that the presence of lipid
moieties on peptides prolongs the duration of antigen presentation,
enhances cytosolic uptake of peptide immunogens, activates innate
immunity due to a TLR2 agonist effect, and differentiates non-
activated B cells into immunoglobulin-secreting plasma cells [52–
55]. Although no commercialized peptide vaccine is yet available,
this approach has shown promising results in animal studies [56].
Oral delivery of peptide vaccines has been evaluated in pre-clinical
and clinical trials. In a phase I study, 33 HIV-seronegative
volunteers were primed orally three times with a V3 peptide
derived from HIV-1 isolate MN, followed by a systemic boosting
[57]. While no broad humoral or cellular immune responses were
Table 1. Advantages and Disadvantages of Each Route of Mucosal Immunization Is Summarized.
Route of Immunization Advantages Disadvantages
Genital delivery Specific systemic and mucosal IgG and IgA antibody
responses in genital secretions
Administration of antigens via male genital tract is impractical;
immunological properties of the female reproductive tract alter during
the menstrual cycle
Rectal delivery Specific antibodies and cytotoxic T lymphocyte response in
mucosal secretion of small animals
Modest levels of local IgG and IgA titers in human; difficulty in
quantifying effector cells in rectal tissues; difficulty in the route of
inoculation
Nasal delivery Enhances both humoral and cellular immune responses in
systemic and mucosal sites; easy to administer, no needles
or syringes are needed
Lack of strong adjuvants; side effects such as Bell’s palsy and damage to
olfactory nerves and the nasal epithelium
Inhalation delivery Enhances both humoral and cellular immune responses in
systemic and mucosal sites; administered in both dry
powder or liquid formulations
A device is required; risk of exacerbation of respiratory infections;
difficulty in administration to infants or congested patients; dose
delivery issues
Sublingual delivery Antigens are absorbed quickly; induction of IgG in systemic
sites; no needles or syringes are needed
Dose delivery issues; difficulty in formulation of antigens; lack of strong
adjuvants
Oral delivery Enhances immune responses in systemic and mucosal sites;
safe; easy to administer; no health care professional is
needed; easy to scale up
Induction of tolerance in some animals; requires large dose of antigens;
lack of stability of antigens against the harsh conditions of the GI
doi:10.1371/journal.ppat.1001147.t001
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ment of orally administered peptide vaccines.
Plant-based oral vaccines are another delivery system that has
been tested in recent years [58–61]. Seed crops such as rice, maize,
and soybean appear to be suitable expression and delivery systems
that offer several advantages, such as resistance to intestinal
enzymes,rapidscale-upofexogenousantigens,low-costproduction,
and a decreasedriskofcontaminationbyhuman pathogens [62,63].
In a mouse study, MucoRice-expressed cholera toxin subunit B
(CTB) was administered orally to animals, and specific immune
responses and neutralizing activity in both systemic and mucosal
compartments were detected [64]. Interestingly, immunized
animals with MucoRice-CTB demonstrated protection from an
oral challenge with cholera toxin compared to control animals. In a
similar study conducted in a non-human primate model, cynomol-
gus macaques received orally administered MucoRice-CTB.
Animals were found to have CT-specific, neutralizing antibodies,
and high levels of systemic IgG and intestinal IgA antibodies [65].
Over the past few years, several oral vaccine delivery vehicles
such as liposomes, dendrimers, multiple emulsions, immune
stimulating complexes (ISCOMs), biodegradable polymers such
as poly (lactide-co-glycolide acid), and dendrimers have also been
identified [66–70]. Antigens, adjuvants, and targeting molecules
could be incorporated individually or in combination into these
microparticles. These vehicles may thus act as immunostimulants
while preventing the degradation of immunogens by enzymes in
the GI tract. These particulate formulations might also interact
with microfold (M) cells and release immunogens slowly,
consequently promoting phagocytosis. Some microparticle studies
have shown that the addition of polymers such as chitosan might
increase the interaction of antigens with the intestinal mucosal
surface [66,67]. The efficacy of these microparticles has been
tested in several animal studies and in a limited number of clinical
trials. In a human trial, five volunteers were orally immunized with
a surface Enterotoxigenic Escherichia coli (ETEC) polymeric protein
(CS6) associated with a biodegradable polymer, poly-lactide-co-
glycolide (PLG) [68]. Oral administration of these microparticles
was safe, and four out of five volunteers showed IgA responses and
a 3.5-fold increase in the levels of serum IgG antibody responses.
In a study by Frey et al. [69], oral administration of CTB was
tested as a model for enhancing antigen uptake by intestinal
epithelial cells. CTB was chosen as it promotes immune responses
when co-administered orally, and its receptor (ganglioside GM1) is
present on all intestinal epithelial cell surfaces. In vivo results in
rabbits showed that soluble CTB-FITC (diameter of 6.4 nm) was
able to bind to apical membranes of both enterocytes and M cells.
Whereas CTB coupled to colloidal gold (diameter of 28.8 nm)
bound only to M cells and not enterocytes, CTB-coated micro-
particles (diameter of 1.13 mm) failed to bind to either rabbit
enterocytes or rabbit M cells. In a study by Mann et al. [70], two
different sizes of a liposome-entrapped influenza antigen were
delivered orally in a mouse model. The group of mice that was
orally immunized with larger liposomes (60–350 nm and 400–
2,500 nm) showed a greater Th1 bias, serum IgG2a production,
and antigen-induced splenocyte IFN-c production, compared to
mice having received liposomes 10–100 nm in size. While this
study also showed that microparticle size is an important factor
associated with particle uptake, the size of the microparticles was
quite different from a previous study.
However, sizing is not the only issue with these microparticles.
A variety of additional parameters, including the ratio and
quantity of chemical components, the amount of encapsulated
antigen, hydrophobicity, the ionic surface charge, the type of
associated adjuvants, and the dose of administration are also
crucial, and should be optimized. In this context, the association of
M cell–targeting ligands on the surface of the delivery vehicles
might also enhance the binding specificity to intestinal Peyer’s
patches. In the next section, we briefly describe the M cell surface
markers that could be considered in a strategy to enhance capture
and uptake of orally administered vaccines.
Targeting the Apical Surface of M Cells
M cells are specialized epithelial cells that predominantly reside
in the follicle-associated epithelium (FAE) overlying Peyer’s
patches. M cells also reside in other sections of the intestinal tract
such as the colon and rectum [71–74]. M cells are identifiable by
their flattened apical surfaces, fewer numbers of cytoplasmic
lysosomes, greater numbers of mitochondria, and the absence of
glycocalyx covering their surfaces. It also appears that mouse M
cells express particular surface markers, compared to enterocytes,
such as b1 integrin or a-L-fucose-specific (L-fucose) lectin [75]. In
contrast to enterocytes, M cells take up antigens or microorgan-
isms from the intestinal lumen (Figure 1) by phago-, endo-, or
pinocytosis and transcytosis, and deliver them to the underlying
immune system of the mucosae. This phenomenon also occurs by
other mechanisms, for instance in intestinal DCs; however, this
will not be discussed here. M cells are not limited to the GALTs,
and are also present in other mucosal tissues such as nasopharyn-
geal-associated lymphoid tissue (NALT) and bronchus-associated
lymphoid tissues (BALT) and tonsils [76,77]. It has been shown
that M cells in NALT are a major site of virus entry as well as
vaccine delivery; however, limited studies have been reported with
regards to the roles of NALT and BALT in the uptake and
transport of vaccine-delivered antigens.
The ability of M cells in Peyer’s patches to take up and
transcytose diverse numbers of microorganisms to antigen-present-
ing cells (APCs) have made M cells an ideal target for vaccine
delivery to the mucosal immune system [78–80]. It is estimated that
only 1 out of 10 million epithelial cells in the intestinal tract is an M
cell (approximately 5% in humans and 10% in mice) [81]. Due to
these low numbers of M cells, several approaches have been
attempted to enhance M cell targeting. It has been indicated that M
cell numbers in Peyer’s patches are increased after exposure to
Streptococcus pneumonia R36a [82]. However, these increased numbers
of M cells may uptake all antigens in the intestinal epithelium and
not just the antigens of interest, consequently increasing the
probability of inducing food allergies and inflammatory diseases.
Therefore, it might be more reasonable to target the existing M cells
in Peyer’s patches than to try to amplify their numbers.
Targeting specific receptors on the apical surface of M cells may
have the ability to specifically increase the uptake and presentation
of antigens, consequently initiating the immune response and
inducing protection against infectious challenge. To date, only
limited numbers of M cell receptors and their ligands have been
identified, and most of these receptors are not only expressed in M
cells but in neighboring enterocytes as well. Some important
pathogen recognition receptors (PRRs), such as toll-like receptor-4
(TLR-4), platelet-activating factor receptor (PAFR), and a5b1
integrin, are expressed on the surface of human and mouse M cells
[83–85]. These innate immune system molecules interact with
pathogen-associated molecular patterns (PAMPs) such as lipopoly-
saccharide, lipotechoic acid, peptidoglycan, and bacterial flagellin.
This interaction is crucial for the translocation of bacteria across
the lumen. Consequently, targeting PRRs might be a suitable
strategy for enhancing the uptake of orally administered vaccines
by M cells. This interaction activates several signaling pathways
that may play important roles in M cell functions. For instance, M
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Yersinia spp., via the a5b1 integrin, and inhibition of this adhesion
molecule significantly inhibits transcytosis of M cells [86–88].
While PRRs are also expressed on neighboring enterocytes (a
challenge in targeting only M cells), the expression patterns of
these receptors are varied. For instance, a5b1 integrin is dispersed
on the lateral and basolateral surfaces of enterocytes, while in M
cells, a5b1 is distributed only on the apical surface.
Lectin-binding studies in experimental animals have shown that
M cells express on their surface a particular glycosylation pattern
[89,90]. Several studies showed that Ulex europaeus agglutinin-1
(UEA-1), a lectin specific for a-l-fucose residues, selectively binds to
M cells in murine Peyer’s patches [91–94]. In a study by Manocha
et al. [94], the UEA-1 coated on the surface of microparticles
encoding HIV genes had the capability to bind to the apical surface
of M cells. In another study, by Chionh et al. [95], oral vaccination
in a mouse model with killed whole Helicobacter pylori and UEA-1 or
Campylobacter jejuni and UEA-1 induced protective responses against
live challenge. However, M cell glycosylation patterns are not
common to all species, and it remains to be seen whether it can be
used to effectively target human M cells [96]. Human M cells have
proven to be largely anonymous, as it has been difficult to isolate
enough of such cells for further characterization and functional
evaluation. Therefore,the specificreceptorrequirementsforhuman
M cells and how to specifically target these receptors remains a
challenge. In recent years, a few in vitro human M cell models have
been established [97,98]. One of the most common M cell–like
models is comprised of co-cultures of human colon carcinoma cells
(Caco-2) along with human lymphoblastoid B cell lines (Raji B cells)
[99,100]. This in vitro model has been used to study the
morphology and expression of M cell surface markers and antigen
absorption, and to screen oral drug/vaccine delivery systems, as it
closely imitates human M cells. While these M cell–like models have
been used to attempt to further understand human M cells, one of
the concerns of this model pertains to its over-simplification of in
vivo events, as well as the lack of signaling factors from other
immune cells such as T cells that are required for the formation and
optimal function of M cells.
Microarray and three-dimensional imaging of specific molecules
associated with M cells has revealed that a surface marker called
glycoprotein2(GP2)isexpressedonbothhumanandmouseMcells
[101,102]. It appears that GP2 plays an important role in molecular
mechanisms responsible for antigen uptake by M cells. GP2 serves
as a transcytotic apical receptor on the surface of M cells that
specifically binds to type I pili on bacterial outer membranes (FimH)
[101]. Elimination of GP2 reduced the entry and uptake of bacteria
into Peyer’s patches and decreased T cell proliferative and antibody
responses. Altogether, these results suggest that the GP2 protein
might be a promising vaccine target for immunizing against
infectiousdiseases.Severalstudieshave shownthat FimHadhesion–
based vaccines are able to prevent infection by impeding
colonization, enhancing humoral immune responses, and blocking
bacterial attachment [103–105]. It would be excitingto determine if
FimH could direct other antigens to M cells as well.
Figure 1. Schematic diagram of intestinal epithelium showing M cells, Peyer’s patches, intestinal epithelial cells, and pathway of Ag
transport. DC, dendritic cells; IEC, intestinal epithelial cell (NU, nucleus); MC, M cell; IEL, intra epithelial lymphocytes; PP, Peyer’s patches; MW,
macrophages; Pv, particulate Ag in pinocytic vesicle of M cell.
doi:10.1371/journal.ppat.1001147.g001
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were biopsied from volunteers with blood groups type O (two
individuals) and type A (one individual). The binding and cellular
localizations of 31 lectins and ten anticarbohydrate monoclonal
antibodies from biopsy samples were performed by histochemistry
and compared to the nearby enterocytes on Peyer’s patches. Lectin
and antibody results revealed a higher expression of carbohydrates
on enterocytes than M cells. Some lectins and antibodies such as
OPA and anti-Lewis A also reacted with both M cells and
enterocytes. Interestingly, only one (anti-sialyl Lewis A) out of the 41
tested lectins or antibodies largely reacted with human M cells
(,80%) and bound only weakly to the FAE enterocytes (,20%).
While a larger number of human tissue specimens are required to
confirm this oligosaccharide repertoire, an anti-sialyl Lewis A–
mediated vaccine delivery system might be appropriate approach to
enable M cell–targeted mucosal vaccines in humans.
In a study by Misumi et al. [107], the capability of tetragalloyl-D-
lysine dendrimer (TGDK) to target M cells was examined in an in
vitro human M–like cell culture and a rhesus macaque animal
model. The results indicated that TGDK specifically bound to a
human intestinal M–cell like model under in vitro conditions and
was delivered from the M cell surface to the basolateral area. To
examine the in vivo effect of TGDK on M cell targeting, rhesus
macaques were orally administered with enteric coated capsules
containing TGDK-conjugated multiantigens at weeks 0, 2, and 6.
ELISA from feces samples of immunized macaques indicated a high
level of IgA antibody responses. Conversely, the control macaques
did not induce specific IgA in fecal samples. Furthermore, the
immunized macaques with TGDK-conjugated multiantigens also
showed neutralizing activity against SIV infection. These results
concluded that TGDK transports from the lumen into intestinal M
cells,andcanconsequentlybe considered foruseinmucosalvaccine
delivery in humans and non-human primates.
MucosalImmune Responses and MucosalTolerance
Repeated oral administration of large doses of antigen in animal
models result in decreased or abrogated T cell–mediated responses
to a subsequent systemic immunization with the same antigen
[108]. This phenomenon prompts a question concerning the
possible induction of mucosal tolerance by mucosally delivered
vaccines. Importantly, for vaccine efficacy the dominant target of
oral tolerance is the T and not the B cell compartment. As a
matter of fact, initial mucosal administration of antigens by the
oral or nasal routes primes for B cell responses in parallel with
diminished T cell responses in humans as well as in animals [109].
Thus, vaccines whose protective effect is dependent on the
induction of antibodies (which is the target of all currently used
vaccines in humans) are not likely to diminish their efficacy by
mucosal administration of antigens. Furthermore, pre-existing
immune responses induced by systemic immunization cannot be
attenuated or suppressed by subsequent mucosal administration of
the same antigen [109]. However, initial mucosal immunization of
immunologically naı ¨ve subjects (e.g., with HIV-1 vaccines) might
have the undesirable effect of diminishing cell-mediated responses,
including cytotoxic T cell–dependent immunity. Thus, the
temporal sequence of immunization with initial systemic priming
and mucosal boosting as well as the use of certain adjuvants is
likely to prevent the induction of mucosal tolerance.
Concluding Remarks
Over the past few decades, oral immunization has been
extensively studied due to its many attractive features. The
immunological potential, absorption, or limitation in the uptake of
antigens, as well as the characteristic distribution of functional cell
types in the GI tract, have made it a vital target in the
development of oral vaccines. The phenomenon of tolerance is a
crucial challenge to overcome in the development of effective oral
vaccines. Experimental animal studies have indicated that oral
administration of antigens targets the systemic T cell compart-
ment, diminishes cell-mediated immune responses, and induces
tolerance. This phenomenon might lead to the induction of
cytokines such as TGF-b and IL-10, and consequently enhance
antigen-specific antibody responses such as IgA and IgG. While
the humoral immune response is critical in the control of some
mucosal pathogens, its effect might be questionable on other
mucosal pathogens such as HIV and HCV where cell-mediated
immune responses may play a larger role. Opponents to this
tolerance hypothesis, including the authors of this article, believe
that tolerance is not an issue in humans, as it occurs through a
completely different mechanism. Furthermore, some clinical
studies have showed that a combination of oral priming and
systemic boosting might activate both humoral and cellular arms
of the immune system. On the other hand, we think that the
absence of a potent oral vaccine might be due to other challenges,
including antigen degradation by proteolytic enzymes, the low
dose of antigen absorbed, a lack of potent mucosal adjuvants, and
not actively directing antigens to M cells. To overcome these
issues, further work regarding oral vehicle delivery systems that
protect antigens and specifically target M cells is required.
Targeting M cells by mimicking the entry of mucosal pathogens
such as E. coli, Salmonella, and Yersinia may reflect the in vivo
binding specificity required by orally administered antigens.
Regarding this aspect, a number of studies showed that these
pathogens bind to specific lectins expressed on the apical surface of
M cells. The binding of orally administered vaccines to M cell
lectins was further studied in murine models and indicated that a-
L-fucose-lectin (UEA-1) is able to bind specifically to M cells and,
to a lesser degree, enterocytes. However, the characterization of
murine M cells by this lectin-binding pattern did not reflect the
glycosylation patterns present on human M cells. Unfortunately,
human M cell features, function, and differentiation from
neighboring enterocytes are not well understood.
Based on previous studies, by using tetragalloyl-D-lysine
dendrimers, a monoclonal antibody targeting GP2, or using a
monoclonal antibody targeting sialyl Lewis A, it might be possible
to more specifically direct oral delivery systems to human M cells.
However, as these molecules are also expressed on neighboring
enterocytes (albeit at lower levels), it will likely be difficult to devise
an ideal oral delivery system for targeting human M cells. The
understanding of human M cell function, identification of more
specific apical surface molecules, and the improvement of
intestinal M cell–like models are crucial for the design and further
development of M cell–targeted vaccines.
Acknowledgments
We would like to thank Rodrigo Diaz for assisting with Figure 1.
References
1. McGhee JR, Mestecky J, Dertzbaugh MT, Eldridge JH, Hirasawa M, et al.
(1992) The mucosal immune system: from fundamental concepts to vaccine
development. Vaccine 10: 75–88.
2. McGhee JR, Kiyono H (1992) Mucosal immunity to vaccines: current concepts
for vaccine development and immune response analysis. Adv Exp Med Biol
327: 3–12.
PLoS Pathogens | www.plospathogens.org 5 November 2010 | Volume 6 | Issue 11 | e10011473. Xu-Amano J, Beagley KW, Mega J, Fujihashi K, Kiyono H, et al. (1992)
Induction of T helper cells and cytokines for mucosal IgA responses. Adv Exp
Med Biol 327: 107–117.
4. Mestecky J (1987) The common mucosal immune system and current strategies
for induction of immune responses in external secretions. J Clin Immunol 7:
265–276.
5. Azizi A, Ghunaim H, Diaz-Mitoma F, Mestecky J (2010) Mucosal HIV
vaccines: a holy grail or a dud? Vaccine 28: 4015–4026.
6. Parr EL, Parr MB (1990) A comparison of antibody titres in mouse uterine fluid
after immunization by several routes, and the effect of the uterus on antibody
titres in vaginal fluid. J Reprod Fertil 89: 619–625.
7. Haneberg B, Kendall D, Amerongen HM, Apter FM, Kraehenbuhl JP, et al.
(1994) Induction of specific immunoglobulin A in the small intestine, colon-
rectum, and vagina measured by a new method for collection of secretions from
local mucosal surfaces. Infect Immun 62: 15–23.
8. Kozlowski PA, Cu-Uvin S, Neutra MR, Flanigan TP (1997) Comparison of the
oral, rectal, and vaginal immunization routes for induction of antibodies in
rectal and genital tract secretions of women. Infect Immun 65: 1387–1394.
9. Sentman CL, Meadows SK, Wira CR, Eriksson M (2004) Recruitment of
uterine NK cells: induction of CXC chemokine ligands 10 and 11 in human
endometrium by estradiol and progesterone. J Immunol 173: 6760–6766.
10. Wira CR, Rossoll RM (2003) Oestradiol regulation of antigen presentation by
uterine stromal cells: role of transforming growth factor-beta production by
epithelial cells in mediating antigen-presenting cell function. Immunology 109:
398–406.
11. Lu FX, Ma Z, Rourke T, Srinivasan S, McChesney M, et al. (1999)
Immunoglobulin concentrations and antigen-specific antibody levels in
cervicovaginal lavages of rhesus macaques are influenced by the stage of the
menstrual cycle. Infect Immun 67: 6321–6328.
12. Mestecky J, Moldoveanu Z, Russell MW (2005) Immunologic uniqueness of the
genital tract: challenge for vaccine development. Am J Reprod Immunol 53:
208–214.
13. Holmgren J, Czerkinsky C (2005) Mucosal immunity and vaccines. Nat Med
11: S45–S53.
14. Lagranderie M, Winter N, Balazuc AM, Gicquel B, Gheorghiu M (1998) A
cocktail ofMycobacterium bovisBCG recombinantsexpressing the SIV Nef,Env,
and Gag antigens induces antibody and cytotoxic responses in mice vaccinated by
different mucosal routes. AIDS Res Hum Retroviruses 14: 1625–1633.
15. Bergquist C, Johansson EL, Lagergard T, Holmgren J, Rudin A (1997)
Intranasal vaccination of humans with recombinant cholera toxin B subunit
induces systemic and local antibody responses in the upper respiratory tract
and the vagina. Infect Immun 65: 2676–2684.
16. Durrani Z, McInerney TL, McLain L, Jones T, Bellaby T, et al. (1998)
Intranasal immunization with a plant virus expressing a peptide from HIV-1
gp41 stimulates better mucosal and systemic HIV-1-specific IgA and IgG than
oral immunization. J Immunol Methods 220: 93–103.
17. Hirabayashi Y, Kurata H, Funato H, Nagamine T, Aizawa C, et al. (1990)
Comparison of intranasal inoculation of influenza HA vaccine combined with
cholera toxin B subunit with oral or parenteral vaccination. Vaccine 8:
243–248.
18. Narayan KM, Del RC (2010) Comparative efficacy of influenza vaccines.
N Engl J Med 362: 179–180.
19. Fiore AE, Bridges CB, Cox NJ (2009) Seasonal influenza vaccines. Curr Top
Microbiol Immunol 333: 43–82.
20. Miyake A, Akagi T, Enose Y, Ueno M, Kawamura M, et al. (2004) Induction
of HIV-specific antibody response and protection against vaginal SHIV
transmission by intranasal immunization with inactivated SHIV-capturing
nanospheres in macaques. J Med Virol 73: 368–377.
21. Stowe J, Andrews N, Wise L, Miller E (2006) Bell’s palsy and parenteral
inactivated influenza vaccine. Hum Vaccin 2: 110–112.
22. Lewis DJ, Huo Z, Barnett S, Kromann I, Giemza R, et al. (2009) Transient
facial nerve paralysis (Bell’s palsy) following intranasal delivery of a genetically
detoxified mutant of Escherichia coli heat labile toxin. PLoS ONE 4: e6999.
doi:10.1371/journal.pone.0006999.
23. Mutsch M, Zhou W, Rhodes P, Bopp M, Chen RT, et al. (2004) Use of the
inactivated intranasal influenza vaccine and the risk of Bell’s palsy in
Switzerland. N Engl J Med 350: 896–903.
24. Baumann U (2008) Mucosal vaccination against bacterial respiratory
infections. Expert Rev Vaccines 7: 1257–1276.
25. Branger CG, Torres-Escobar A, Sun W, Perry R, Fetherston J, et al. (2009)
Oral vaccination with LcrV from Yersinia pestis KIM delivered by live
attenuated Salmonellaenterica serovar Typhimurium elicits a protective
immune response against challenge with Yersinia pseudotuberculosis and
Yersinia enterocolitica. Vaccine 27: 5363–5370.
26. Fooks AR (2000) Development of oral vaccines for human use. Curr Opin Mol
Ther 2: 80–86.
27. Kostrzak A, Cervantes GM, Guetard D, Nagaraju DB, Wain-Hobson S, et al.
(2009) Oral administration of low doses of plant-based HBsAg induced antigen-
specific IgAs and IgGs in mice, without increasing levels of regulatory T cells.
Vaccine 27: 4798–4807.
28. Grdic D, Smith R, Donachie A, Kjerrulf M, Hornquist E, et al. (1999) The
mucosal adjuvant effects of cholera toxin and immune-stimulating complexes
differ in their requirement for IL-12, indicating different pathways of action.
Eur J Immunol 29: 1774–1784.
29. Czerkinsky C, Holmgren J (2009) Enteric vaccines for the developing world: a
challenge for mucosal immunology. Mucosal Immunol 2: 284–287.
30. Hall LJ, Clare S, Pickard D, Clark SO, Kelly DL, et al. (2009) Characterisation
of a live Salmonella vaccine stably expressing the Mycobacterium tuberculosis
Ag85B-ESAT6 fusion protein. Vaccine 27: 6894–6904.
31. Casini E (1972) [Bacterial vaccines for oral administration and local
mechanisms of immunity]. Ann Sclavo 14: 547–553.
32. Liang S, Hosur KB, Nawar HF, Russell MW, Connell TD, et al. (2009) In vivo
and in vitro adjuvant activities of the B subunit of Type IIb heat-labile
enterotoxin (LT-IIb-B5) from Escherichia coli. Vaccine 27: 4302–4308.
33. Boyer JD, Robinson TM, Maciag PC, Peng X, Johnson RS, et al. (2005) DNA
prime Listeria boost induces a cellular immune response to SIV antigens in the
rhesus macaque model that is capable of limited suppression of SIV239 viral
replication. Virology 333: 88–101.
34. Perdigon G, Alvarez S, Nader de Macias ME, Pesce de Ruiz Holgado AA
(1988) [Adjuvant activity of lactic bacteria: perspectives for its use in oral
vaccines]. Rev Argent Microbiol 20: 141–146.
35. Pouwels PH, Leer RJ, Shaw M, Heijne den Bak-Glashouwer MJ, Tielen FD,
et al. (1998) Lactic acid bacteria as antigen delivery vehicles for oral
immunization purposes. Int J Food Microbiol 41: 155–167.
36. Wells JM, Mercenier A (2008) Mucosal delivery of therapeutic and
prophylactic molecules using lactic acid bacteria. Nat Rev Microbiol 6:
349–362.
37. Tucker SN, Tingley DW, Scallan CD (2008) Oral adenoviral-based vaccines:
historical perspective and future opportunity. Expert Rev Vaccines 7: 25–31.
38. Mestecky J, Nguyen H, Czerkinsky C, Kiyono H (2008) Oral immunization: an
update. Curr Opin Gastroenterol 24: 713–719.
39. Fu J, Bian G, Zhao B, Dong Z, Sun X, et al. (2009) Enhancing efficacy and
mucosa-tropic distribution of an oral HIV-PsV DNA vaccine in animal models.
J Drug Target 17: 803–812.
40. Ning JF, Zhu W, Xu JP, Zheng CY, Meng XL (2009) Oral delivery of DNA
vaccine encoding VP28 against white spot syndrome virus in crayfish by
attenuated Salmonella typhimurium. Vaccine 27: 1127–1135.
41. Cazorla SI, Becker PD, Frank FM, Ebensen T, Sartori MJ, et al. (2008) Oral
vaccination with Salmonella enterica as a cruzipain-DNA delivery system
confers protective immunity against Trypanosoma cruzi. Infect Immun 76:
324–333.
42. Kindrachuk J, Potter J, Wilson HL, Griebel P, Babiuk LA, et al. (2008)
Activation and regulation of toll-like receptor 9: CpGs and beyond. Mini Rev
Med Chem 8: 590–600.
43. Forsman A, Ushameckis D, Bindra A, Yun Z, Blomberg J (2003) Uptake of
amplifiable fragments of retrotransposon DNA from the human alimentary
tract. Mol Genet Genomics 270: 362–368.
4 4 .V a nK a e rL ,A s h t o n - R i c k a r d tP G ,E i c h e l b e r g e rM ,G a c z y n s k aM ,
Nagashima K, et al. (1994) Altered peptidase and viral-specific T cell response
in LMP2 mutant mice. Immunity 1: 533–541.
45. Toes RE, Nussbaum AK, Degermann S, Schirle M, Emmerich NP, et al.
(2001) Discrete cleavage motifs of constitutive and immunoproteasomes
revealed by quantitative analysis of cleavage products. J Exp Med 194: 1–12.
46. York IA, Goldberg AL, Mo XY, Rock KL (1999) Proteolysis and class I major
histocompatibility complex antigen presentation. Immunol Rev 172: 49–66.
47. Mo XY, Cascio P, Lemerise K, Goldberg AL, Rock K (1999) Distinct
proteolytic processes generate the C and N termini of MHC class I-binding
peptides. J Immunol 163: 5851–5859.
48. Azizi A, Diaz-Mitoma F (2007) Viral peptide immunogens: current challenges
and opportunities. J Pept Sci 13: 776–786.
49. Duesberg U, von dem BA, Kirschning C, Miyake K, Sauerbruch T, et al.
(2002) Cell activation by synthetic lipopeptides of the hepatitis C virus (HCV)
—core protein is mediated by toll like receptors (TLRs) 2 and 4. Immunol Lett
84: 89–95.
50. Yamashita Y, Maeda Y, Takeshita F, Brennan PJ, Makino M (2004) Role of
the polypeptide region of a 33 kDa mycobacterial lipoprotein for efficient IL-12
production. Cell Immunol 229: 13–20.
51. Schroder NW, Heine H, Alexander C, Manukyan M, Eckert J, et al. (2004)
Lipopolysaccharide binding protein binds to triacylated and diacylated
lipopeptides and mediates innate immune responses. J Immunol 173:
2683–2691.
52. Jackson DC, Lau YF, Le T, Suhrbier A, Deliyannis G, et al. (2004) A totally
synthetic vaccine of generic structure that targets Toll-like receptor 2 on
dendritic cells and promotes antibody or cytotoxic T cell responses. Proc Natl
Acad Sci U S A 101: 15440–15445.
53. Voss S, Ulmer AJ, Jung G, Wiesmuller KH, Brock R (2007) The activity of
lipopeptide TLR2 agonists critically depends on the presence of solubilizers.
Eur J Immunol 37: 3489–3498.
54. Sumikawa Y, Asada H, Hoshino K, Azukizawa H, Katayama I, et al. (2006)
Induction of beta-defensin 3 in keratinocytes stimulated by bacterial
lipopeptides through toll-like receptor 2. Microbes Infect 8: 1513–1521.
55. Sirskyj D, Diaz-Mitoma F, Golshani A, Kumar A, Azizi A (2010) Innovative
bioinformatic approaches for developing peptide-based vaccines against
hypervariable viruses. Immunol Cell Biol, E-pub ahead of print. 11 May 2010.
56. Azizi A, Anderson DE, Torres JV, Ogrel A, Ghorbani M, et al. (2008)
Induction of broad cross-subtype-specific HIV-1 immune responses by a novel
multivalent HIV-1 peptide vaccine in cynomolgus macaques. J Immunol 180:
2174–2186.
PLoS Pathogens | www.plospathogens.org 6 November 2010 | Volume 6 | Issue 11 | e100114757. Lambert JS, Keefer M, Mulligan MJ, Schwartz D, Mestecky J, et al. (2001) A
Phase I safety and immunogenicity trial of UBI microparticulate monovalent
HIV-1 MN oral peptide immunogen with parenteral boost in HIV-1
seronegative human subjects. Vaccine 19: 3033–3042.
58. Tacket CO (2009) Plant-based oral vaccines: results of human trials. Curr Top
Microbiol Immunol 332: 103–117.
59. Streatfield SJ (2005) Delivery of plant-derived vaccines. Expert Opin Drug
Deliv 2: 719–728.
60. Streatfield SJ (2005) Plant-based vaccines for animal health. Rev Sci Tech 24:
189–199.
61. Hammond RW, Nemchinov LG (2009) Plant production of veterinary vaccines
and therapeutics. Curr Top Microbiol Immunol 332: 79–102.
62. Walmsley AM, Arntzen CJ (2000) Plants for delivery of edible vaccines. Curr
Opin Biotechnol 11: 126–129.
63. Haq TA, Mason HS, Clements JD, Arntzen CJ (1995) Oral immunization with
a recombinant bacterial antigen produced in transgenic plants. Science 268:
714–716.
64. Nochi T, Takagi H, Yuki Y, Yang L, Masumura T, et al. (2007) Rice-based
mucosal vaccine as a global strategy for cold-chain- and needle-free
vaccination. Proc Natl Acad Sci U S A 104: 10986–10991.
65. Nochi T, Yuki Y, Katakai Y, Shibata H, Tokuhara D, et al. (2009) A rice-based
oral cholera vaccine induces macaque-specific systemic neutralizing antibodies
but does not influence pre-existing intestinal immunity. J Immunol 183:
6538–6544.
66. Amin M, Jaafari MR, Tafaghodi M (2009) Impact of chitosan coating of
anionic liposomes on clearance rate, mucosal and systemic immune responses
following nasal administration in rabbits. Colloids Surf B Biointerfaces 74:
225–229.
67. Borges O, Tavares J, de SA, Borchard G, Junginger HE, Cordeiro-da-Silva A
(2007) Evaluation of the immune response following a short oral vaccination
schedule with hepatitis B antigen encapsulated into alginate-coated chitosan
nanoparticles. Eur J Pharm Sci 32: 278–290.
68. Katz DE, DeLorimier AJ, Wolf MK, Hall ER, Cassels FJ, et al. (2003) Oral
immunization of adult volunteers with microencapsulated enterotoxigenic
Escherichia coli (ETEC) CS6 antigen. Vaccine 21: 341–346.
69. Frey A, Giannasca KT, Weltzin R, Giannasca PJ, Reggio H, et al. (1996) Role
of the glycocalyx in regulating access of microparticles to apical plasma
membranes of intestinal epithelial cells: implications for microbial attachment
and oral vaccine targeting. J Exp Med 184: 1045–1059.
70. Mann JF, Shakir E, Carter KC, Mullen AB, Alexander J, et al. (2009) Lipid
vesicle size of an oral influenza vaccine delivery vehicle influences the Th1/
Th2 bias in the immune response and protection against infection. Vaccine 27:
3643–3649.
71. Owen RL, Jones AL (1974) Epithelial cell specialization within human Peyer’s
patches: an ultrastructural study of intestinal lymphoid follicles. Gastroenter-
ology 66: 189–203.
72. Hathaway LJ, Kraehenbuhl JP (2000) The role of M cells in mucosal immunity.
Cell Mol Life Sci 57: 323–332.
73. Gebert A, Goke M, Rothkotter HJ, Dietrich CF (2000) [The mechanisms of
antigen uptake in the small and large intestines: the roll of the M cells for the
initiation of immune responses]. Z Gastroenterol 38: 855–872.
74. Kuhn EM, Kaup FJ (1996) Morphological characteristics of the ileal Peyer’s
patches in the rhesus macaque: a histological and ultrastructural study. Anat
Histol Embryol 25: 65–69.
75. Clark MA, Hirst BH, Jepson MA (1998) M-cell surface beta1 integrin
expression and invasin-mediated targeting of Yersinia pseudotuberculosis to
mouse Peyer’s patch M cells. Infect Immun 66: 1237–1243.
76. Gebert A, Pabst R (1999) M cells at locations outside the gut. Semin Immunol
11: 165–170.
77. Gebert A, Fassbender S, Werner K, Weissferdt A (1999) The development of
M cells in Peyer’s patches is restricted to specialized dome-associated crypts.
Am J Pathol 154: 1573–1582.
78. Holmgren J, Czerkinsky C (2005) Mucosal immunity and vaccines. Nat Med
11: S45–S53.
79. Yuki Y, Kiyono H (2009) Mucosal vaccines: novel advances in technology and
delivery. Expert Rev Vaccines 8: 1083–1097.
80. Brayden DJ, Jepson MA, Baird AW (2005) Keynote review: intestinal Peyer’s
patch M cells and oral vaccine targeting. Drug Discov Today 10: 1145–1157.
81. Kuolee R, Chen W (2008) M cell-targeted delivery of vaccines and
therapeutics. Expert Opin Drug Deliv 5: 693–702.
82. Meynell HM, Thomas NW, James PS, Holland J, Taussig MJ, et al. (1999) Up-
regulation of microsphere transport across the follicle-associated epithelium of
Peyer’s patch by exposure to Streptococcus pneumoniae R36a. FASEB J 13:
611–619.
83. Tyrer P, Ruth FA, Kyd J, Harvey M, Sizer P, et al. (2002) Validation and
quantitation of an in vitro M-cell model. Biochem Biophys Res Commun 299:
377–383.
84. Mann JF, Ferro VA, Mullen AB, Tetley L, Mullen M, et al. (2004)
Optimisation of a lipid based oral delivery system containing A/Panama
influenza haemagglutinin. Vaccine 22: 2425–2429.
85. Chou MY, Hartvigsen K, Hansen LF, Fogelstrand L, Shaw PX, et al. (2008)
Oxidation-specific epitopes are important targets of innate immunity. J Intern
Med 263: 479–488.
86. Scibelli A, Matteoli G, Roperto S, Alimenti E, Dipineto L, et al. (2005)
Flavoridin inhibits Yersinia enterocolitica uptake into fibronectin-adherent
HeLa cells. FEMS Microbiol Lett 247: 51–57.
87. Saltman LH, Lu Y, Zaharias EM, Isberg RR (1996) A region of the Yersinia
pseudotuberculosis invasin protein that contributes to high affinity binding to
integrin receptors. J Biol Chem 271: 23438–23444.
88. Sinha B, Francois PP, Nusse O, Foti M, Hartford OM, et al. (1999)
Fibronectin-binding protein acts as Staphylococcus aureus invasin via
fibronectin bridging to integrin alpha5beta1. Cell Microbiol 1: 101–117.
89. Jang MH, Kweon MN, Iwatani K, Yamamoto M, Terahara K, et al. (2004)
Intestinal villous M cells: an antigen entry site in the mucosal epithelium. Proc
Natl Acad Sci U S A 101: 6110–6115.
90. Kozlowski PA, Williams SB, Lynch RM, Flanigan TP, Patterson RR, et al.
(2002) Differential induction of mucosal and systemic antibody responses in
women after nasal, rectal, or vaginal immunization: influence of the menstrual
cycle. J Immunol 169: 566–574.
91. Gupta PN, Khatri K, Goyal AK, Mishra N, Vyas SP (2007) M-cell targeted
biodegradable PLGA nanoparticles for oral immunization against hepatitis B.
J Drug Target 15: 701–713.
92. Lavelle EC, Grant G, Pusztai A, Pfuller U, O’Hagan DT (2000) Mucosal
immunogenicity of plant lectins in mice. Immunology 99: 30–37.
93. Wang X, Kochetkova I, Haddad A, Hoyt T, Hone DM, et al. (2005)
Transgene vaccination using Ulex europaeus agglutinin I (UEA-1) for targeted
mucosal immunization against HIV-1 envelope. Vaccine 23: 3836–3842.
94. Manocha M, Pal PC, Chitralekha KT, Thomas BE, Tripathi V, et al. (2005)
Enhanced mucosal and systemic immune response with intranasal immuniza-
tion of mice with HIV peptides entrapped in PLG microparticles in
combination with Ulex Europaeus-I lectin as M cell target. Vaccine 23:
5599–5617.
95. Chionh YT, Wee JL, Every AL, Ng GZ, Sutton P (2009) M-cell targeting of
whole killed bacteria induces protective immunity against gastrointestinal
pathogens. Infect Immun 77: 2962–2970.
96. Giannasca PJ, Giannasca KT, Leichtner AM, Neutra MR (1999) Human
intestinal M cells display the sialyl Lewis A antigen. Infect Immun 67: 946–953.
97. Kerneis S, Bogdanova A, Kraehenbuhl JP, Pringault E (1997) Conversion by
Peyer’s patch lymphocytes of human enterocytes into M cells that transport
bacteria. Science 277: 949–952.
98. Gram LK, Rist GM, Lennernas H, Steffansen B (2009) Impact of carriers in
oral absorption: Permeation across Caco-2 cells for the organic anions estrone-
3-sulfate and glipizide. Eur J Pharm Sci 37: 378–386.
99. Lim JS, Na HS, Lee HC, Choy HE, Park SC, et al. (2009) Caveolae-mediated
entry of Salmonella typhimurium in a human M-cell model. Biochem Biophys
Res Commun 390: 1322–1327.
100. Gullberg E, Leonard M, Karlsson J, Hopkins AM, Brayden D, et al. (2000)
Expression of specific markers and particle transport in a new human intestinal
M-cell model. Biochem Biophys Res Commun 279: 808–813.
101. Hase K, Kawano K, Nochi T, Pontes GS, Fukuda S, et al. (2009) Uptake
through glycoprotein 2 of FimH(+) bacteria by M cells initiates mucosal
immune response. Nature 462: 226–230.
102. Terahara K, Yoshida M, Igarashi O, Nochi T, Pontes GS, et al. (2008)
Comprehensive gene expression profiling of Peyer’s patch M cells, villous M-
like cells, and intestinal epithelial cells. J Immunol 180: 7840–7846.
103. Langermann S, Mollby R, Burlein JE, Palaszynski SR, Auguste CG, et al.
(2000) Vaccination with FimH adhesin protects cynomolgus monkeys from
colonization and infection by uropathogenic Escherichia coli. J Infect Dis 181:
774–778.
104. Poggio TV, La Torre JL, Scodeller EA (2006) Intranasal immunization with a
recombinant truncated FimH adhesin adjuvanted with CpG oligodeoxynu-
cleotides protects mice against uropathogenic Escherichia coli challenge.
Can J Microbiol 52: 1093–1102.
105. Bouckaert J, Berglund J, Schembri M, De GE, Cools L, et al. (2005) Receptor
binding studies disclose a novel class of high-affinity inhibitors of the
Escherichia coli FimH adhesin. Mol Microbiol 55: 441–455.
106. Giannasca PJ, Giannasca KT, Leichtner AM, Neutra MR (1999) Human
intestinal M cells display the sialyl Lewis A antigen. Infect Immun 67: 946–953.
107. Misumi S, Masuyama M, Takamune N, Nakayama D, Mitsumata R, et al.
(2009) : Targeted delivery of immunogen to primate m cells with tetragalloyl
lysine dendrimer. J Immunol 182: 6061–6070.
108. Faria AM, Weiner HL (2005) Oral tolerance. Immunol Rev 206: 232–259.
109. Mestecky J, Russell MW, Elson CO (2007) Perspectives on mucosal vaccines: is
mucosal tolerance a barrier? J Immunol 179: 5633–5638.
PLoS Pathogens | www.plospathogens.org 7 November 2010 | Volume 6 | Issue 11 | e1001147